Senescence is a stable proliferation arrest, associated with an altered secretory pathway, thought to promote tumor suppression and tissue aging. While chromatin regulation and lamin B1 down-regulation have been implicated as senescence effectors, functional interactions between them are poorly understood. We compared genome-wide Lys4 trimethylation on histone H3 (H3K4me3) and H3K27me3 distributions between proliferating and senescent human cells and found dramatic differences in senescence, including large-scale domains of H3K4me3-and H3K27me3-enriched ''mesas'' and H3K27me3-depleted ''canyons.'' Mesas form at lamin B1-associated domains (LADs) in replicative senescence and oncogene-induced senescence and overlap DNA hypomethylation regions in cancer, suggesting that pre-malignant senescent chromatin changes foreshadow epigenetic cancer changes. Hutchinson-Gilford progeria syndrome fibroblasts (mutant lamin A) also show evidence of H3K4me3 mesas, suggesting a link between premature chromatin changes and accelerated cell senescence. Canyons mostly form between LADs and are enriched in genes and enhancers. H3K27me3 loss is correlated with up-regulation of key senescence genes, indicating a link between global chromatin changes and local gene expression regulation. Lamin B1 reduction in proliferating cells triggers senescence and formation of mesas and canyons. Our data illustrate profound chromatin reorganization during senescence and suggest that lamin B1 down-regulation in senescence is a key trigger of global and local chromatin changes that impact gene expression, aging, and cancer.
[Keywords: senescence; lamin B1; chromatin; gene expression] Supplemental material is available for this article. Received June 6, 2013; revised version accepted July 19, 2013. Cellular senescence is a stable proliferation arrest implicated in aging and tumor suppression and can be induced by telomere attrition, activation of oncogenes, and other cellular stresses (Campisi 2005; Adams 2009 ). Senescent cells are further characterized by altered physical morphology and transcription, including up-regulation of genes involved in cellular defense and the inflammatory response, many of which are secreted and are a part of the senescence-associated secretory phenotype (SASP) (Acosta et al. 2008; Coppe et al. 2008; Kuilman et al. 2008 ). The SASP is thought to promote immune clearance of pre-malignant senescent cells to facilitate tumor suppression (Xue et al. 2007; Krizhanovsky et al. 2008; Kang et al. 2011; Sagiv et al. 2013 ). However, a chronic SASP is also suggested to promote tissue aging, and, accordingly, clearing of senescent cells in mice delays the onset of age-related pathology (Krtolica et al. 2001; Baker et al. 2011) . Recent studies have also described changes in chromatin during cell senescence. Many mammalian cell types develop regions of condensed chromatin, called senescence-associated heterochromatin foci (SAHFs), suggestive of large-scale changes in senescent chromatin (Funayama et al. 2006; Narita et al. 2006; Zhang et al. 2007 ). Also, a deficiency in the Polycomb-repressive protein EZH2 and subsequent decrease of repression-associated Lys27 trimethylation on histone H3 (H3K27me3) leads to rapid senescence in primary human cells, in part through up-regulation of p16INK4a (hereafter ''p16'') (Bracken et al. 2007 ). In addition, histone loss leads to premature aging of yeast, and overexpression of histones results in life span extension (Dang et al. 2009; Feser et al. 2010) , suggesting that the impact of chromatin on cell senescence extends to an impact on cell and organismal aging.
Longevity is also associated with alterations in specific histone post-translational modifications. In yeast, Lys16 acetylation on histone H4 (H4K16ac) increases with age at heterochromatic regions, including telomeres, due to reduction of histone deacetylase Sir2 protein levels (Dang et al. 2009 ), providing a potential mechanism for the observation that Sir2 overexpression extends yeast life span (Kaeberlein et al. 1999) . Likewise, in mice, the histone deacetylase SIRT6 regulates senescence and longevity through Lys9 deacetylation on histone H3 (H3K9ac) (Michishita et al. 2008; Kawahara et al. 2009 ), and premature aging is linked to altered chromatin at telomeres in both yeast (Dang et al. 2009 ) and mice (Michishita et al. 2008; Dang et al. 2009) . Observations in Caenorhabditis elegans link the loss of the Trithorax-mediated active transcription histone modification H3K4me3 and gain of repressed transcription modification H3K27me3 to extended longevity through an effect that may be inherited transgenerationally (Greer et al. 2010 (Greer et al. , 2011 . Alterations in heterochromatin factors have also been described in prematurely aging cells from Hutchinson-Gilford progeria syndrome (HGPS) patients; namely, decreased levels of heterochromatin protein 1 (HP1), H3K9me3, and H3K27me3 and increased levels of H4K20me3 (Scaffidi and Misteli 2005; Shumaker et al. 2006; Taimen et al. 2009; McCord et al. 2013) .
Results
These studies highlight a relationship between chromatin regulation in cell senescence, cancer, and aging; however, there is limited understanding of specific chromatin changes that occur on a genome-wide scale. Here we report genome-wide chromatin changes during senescence in IMR90 primary human lung fibroblasts. The cells were serially passaged in culture at physiological oxygen (3%) until replicative senescence and maintained in culture in a senescent state for 2 wk prior to analysis (Supplemental Fig. 1A ). As expected, the early passage cells (population doubling [PD] 24; hereafter ''proliferating cells'') exhibit hallmarks of proliferation, including few senescence-associated b-galactosidase (SA-b-gal)-positive cells and low levels of p16 (Supplemental Fig. 1B-D) ; comparatively, late passage senescent cells (PD87; hereafter ''senescent cells'') show nearly 100% SA-b-gal-positive cells, up-regulated p16 levels (Supplemental Fig. 1B-D) , and shortened telomeres (data not shown).
To survey chromatin changes that occur during senescence, we performed chromatin immunoprecipitation (ChIP) followed by genome-wide parallel sequencing (ChIP-seq) for total histone H3 and two H3 modificationsH3K4me3 and H3K27me3-in proliferating cells and senescent cells. Trithorax-mediated H3K4me3 is canonically associated with promoters of transcriptionally active genes (Barski et al. 2007; Guenther et al. 2007; Shilatifard 2012) , whereas Polycomb-mediated H3K27me3 is associated with facultative heterochromatin (Lee et al. 2006a; Schwartz et al. 2006; Barski et al. 2007; Schuettengruber et al. 2009 ). We also performed a transcriptome analysis using microarrays, assessing RNA levels at 33,288 RefSeq transcripts from the same cell samples used for ChIP (Supplemental Text 1; Supplemental Fig. 2 ; Supplemental Tables 1, 2 ). Our microarray data largely agree with other previously published data sets (Shelton et al. 1999; Zhang et al. 2003) and were further validated by quantitative RT-PCR (qRT-PCR) of >50 randomly selected genes that show altered expression, including known downregulated cell cycle genes and up-regulated SASP genes (e.g., Supplemental Fig. 2B,C) . Hence, by several independent assays, the proliferating and senescent cells show expected patterns of physiology and gene expression.
We mapped ChIP-seq data for the histone modifications to the human genome, quantified binding enrichment by normalization to total histone H3, and subsequently assessed each resulting enrichment map for regions of significant binding. We validated these maps by performing qPCR across >100 genomic loci; indeed, qPCR strongly correlated with ChIP-seq results (R = 0.83) (e.g., Supplemental Fig. 3 ). It is important to note that while total histone H3 decreases significantly during senescence as measured by Western blot (Supplemental Fig. 4A , lysates normalized by cell number; O'Sullivan et al. 2010) , the relative levels of H3K4me3 and H3K27me3 (normalized to histone H3) do not significantly change between proliferating and senescent cells (senescent sample concentrated ;13-fold for equivalent loading of H3 level) (Supplemental Fig. 4B ). Furthermore, ChIP-seq and ChIPqPCR data were normalized to total histone H3 ChIP, which accounted for any regional differences in histone occupancy that could affect modification levels, thereby providing a platform to specifically identify regions of differential histone modifications (see Supplemental Fig. 4C for track views of total H3 and the modifications).
Both modifications (normalized to total H3) show altered patterns genome-wide in senescence (Supplemental Fig. 5 ). By visual inspection, both histone modifications appear to be changed in large domains in senescence. Notably, H3K4me3 is surprisingly enriched across the genome in extremely large domains, often hundreds of kilobases. We developed a new algorithm to identify large, differentially enriched H3K4me3 regions in senescent cells (H3K4me3-enriched mesas; hereafter ''K4me3 mesas'') ( Fig. 1A, H3K4me3 shown in the top track, proliferating tracks in orange and senescent tracks in blue; see the Supplemental Material for detailed analysis description). We identified 648 mesas spanning 50 kb (minimal size) to several hundred kilobases in length, occupying ;17% of the senescent genome (Fig. 1A , green bars representing computationally defined H3K4me3 mesas). Unlike the canonical, sharp, highly enriched peaks of H3K4me3 observed over gene promoters (Roh et al. 2006) , H3K4me3 enrichment in mesas is broad, covering the entire region with few, if any, peaks of enrichment that stand out above the general elevated signal.
The ChIP-seq analysis also showed large-scale changes in the senescence-associated H3K27me3 profile, nota-bly both regions of gain and loss, with varying sizes. H3-normalized H3K27me3 sequence reads were first analyzed in a sliding window analysis to define regions of significant gain or loss. The top 1% gain and loss regions were then ''stitched'' together to define contiguous regions of gain or loss across the genome for H3K27me3 (see the Supplemental Material for detailed analysis description). Using this method, we computationally defined 1440 H3K27me3-enriched mesas (hereafter ''K27me3 mesas'') across the senescence genome spanning 4.3 kb to 27.5 Mb (average size of 394 kb), which showed striking overlap with the previously defined K4me3 mesas (Fig. 1A , blue bars representing computationally defined K27me3 mesas).
Analysis also revealed large domain losses of H3K27me3 (H3K27me3-depleted canyons; hereafter ''K27me3 canyons'') ( Fig. 1A , red bars representing computationally defined canyons). We defined 1374 K27me3 canyons across the senescent genome spanning 7 kb to 19 Mb (average size of 730.9 kb). Interestingly, the canyon phenomenon was limited to H3K27me3, as H3K4me3 did not show any significant loss across broad domains.
To validate the discovery methods, we performed ChIPqPCR in triplicate (using three independently senesced sets of IMR90 cells) at varying intervals across and outside (upstream and downstream) multiple mesas and canyons from different chromosomes (Fig. 1B [example of overlapped K4me3 mesa and K27me3 mesa is validated by ChIP-qPCR in C,D], E [example K27me3 canyon is validated by ChIP-qPCR in F]). We also discovered mesa and canyon trends by ChIP-qPCR analysis in a different fibroblast strain (senescent MRC5), suggesting that these largescale chromatin changes occur in other senescent cells (Supplemental Fig. 6A-C) . We further confirmed K27me3 canyons by using a second, distinct antibody against H3K27me3 (Supplemental Fig. 6D ). Moreover, we validated the K27me3 mesas and canyons by generating additional H3 and H3K27me3 ChIP-seq maps using three biological replicates of proliferating and senescent IMR90s (Supplemental Fig. 7 ). These repeated ChIP-seq data confirmed our observation that K27me3 mesas and canyons form across the senescent genome (Supplemental Fig. 7) . Finally, we also observed K27me3 mesa and canyon trends in another published data set (Chandra et al. 2012 ), analyzing H3K27me3 enrichment or loss in that data set using our defined mesa and canyon regions, albeit to a lesser degree than in our study (Supplemental Fig. 7 , far right boxes).
Thus, we defined three major domains of chromatin change in senescence: K4me3 mesas, K27me3 mesas, and K27me3 canyons. Interestingly, both types of mesas often overlap, whereas K27me3 canyons typically occupy different regions of the genome ( Fig. 2A , K4me3 mesas in green, K27me3 mesas in blue, and K27me3 canyons in red). By nucleotide measure, ;38% of K27me3 mesas overlap with K4me3 mesas, and 42% of K4me3 mesas overlap with K27me3 mesas, showing a high degree of overlap (Fig. 2B , blue and green circles). In contrast, by nucleotide measure, only 15% of K4me3 mesas overlap with K27me3 canyons, and only 7% of K27me3 canyons overlap with K4me3 mesas, highlighting the separation of canyons from the mesas (Fig. 2B , green and red circles). The observation of overlap between mesas, but not with canyons, is also reflected when measuring the overlap between features at an 80% cutoff parameter (Supplemental Fig. 8 ). Thus, the computational measure underscores the visual overlaps and differences observed in the track views ( Fig. 2A) , highlighting the greater concordance of the two types of mesas compared with mesas and canyons, which appear to occupy different regions of the genome.
The large-scale and distinct nature of mesas and canyons strongly indicates a profound change in global chromatin organization during senescence. DNA-lamin interactions at the nuclear membrane are a foundation for chromatin organization, and DNA at the nuclear periphery is strongly associated with heterochromatin and transcriptional silencing (Kourmouli et 2007; Finlan et al. 2008; Reddy et al. 2008; Towbin et al. 2010) . Given the key role of lamins in controlling chromatin organization (Peric-Hupkes et al. 2010 ) and downregulation of lamins in senescent cells (Shimi et al. 2011; Freund et al. 2012) , we hypothesized that disruption of nuclear lamin interaction in senescent cells may contribute to the large-scale chromatin changes.
To investigate this possibility, we first investigated the proximity of canyons and mesas to lamin-associated domains (LADs). We performed ChIP-seq of lamin B1 in proliferating cells and defined 2054 LADs across the genome (see the Supplemental Material), which largely confirms a previous LAD DamID ChIP-chip data set in proliferating IMR90 cells (Supplemental Fig. 9 ; Guelen et al. 2008) . The median size of the LADs is 450 kb, and by nucleotide measurement, LADs cover ;61% of the genome in proliferating cells. Interestingly, by visual inspection, K4me3 and K27me3 mesas appear to be strongly associated with LADs, whereas K27me3 canyons appear to form in between LADs or over ''gaps'' in the LAD profile ( Fig. 2A , LADs shown in gold).
We computationally defined the mesa-LAD and canyon-LAD relationship by assessing overlapping nucleotides (Fig. 2C ). Approximately 60% of LAD nucleotides have overlap with mesas or canyons (Supplemental Fig.  10A ). Indeed, 90% of K4me3 mesa nucleotides and 92% of K27me3 nucleotides overlap with LADs (Fig. 2C , green and blue pie charts at the top), underscoring the occurrence of mesas within LADs. In contrast, only 41% of K27me3 canyon nucleotides overlap with LADs (Fig. 2C , red pie chart at the bottom), highlighting the visual observation of canyon formation adjacent to and outside of LADs. The high overlap of mesas with LADs, but not with canyons, is also reflected when measuring the overlap between features at an 80% cutoff parameter (Supplemental Fig. 10B ). We further analyzed the mesa-LAD and canyon-LAD relationship by assessing the size of the LADs that overlap these features ( Supplemental Fig.  10C ); LADs that overlap K27me3 canyons are smaller than the LADs overlapping K27me3 mesas (Supplemental Fig. 10C , cf. red vs. gray LAD size distribution), again emphasizing the incidence of canyons outside of the large LADs that overlap mesas. Together, this analysis highlights a nonrandom nature of mesa and canyon formation in the genome.
LADs are generally gene-poor relative to their genomic occupancy (Pickersgill et al. 2006; Guelen et al. 2008; Peric-Hupkes et al. 2010; van Bemmel et al. 2010) , suggesting that K27me3 canyons, often outside of LADs, may be enriched for genes and their regulatory regions. Strikingly, we found both inactive enhancers (as defined by regions enriched for H3K4me1) and active enhancers (as defined by regions enriched for both H3K4me1 and H3K27ac) strongly overlapping with K27me3 canyons (Fig. 2D) . Specifically, 51% of inactive enhancers and 49% of active enhancers are within canyons, and this association is nonrandom and significant (P = 0.001 for enrichment over background), as shown by permutation analysis (Fig. 2D) . Thus, K27me3 canyons, mostly outside of LADs, are strongly enriched for enhancers.
Furthermore, enhancers near key senescence genes are often contained within K27me3 canyons, where the H3K27me3 loss is also associated with up-regulated gene expression (65.1% of SASP genes are in canyons), as seen in the MMP cluster on chromosome 11 and specifically for the MMP3 gene (Fig. 2E) . Hence, H3K27me3 loss at enhancer regions may play an important role in regulating transcriptional changes in senescence.
Similar profound alterations of chromatin have also been reported in genome-wide analyses of DNA methylation in cancer cells (Schuster-Bockler and Lehner 2012) . Since senescence is a tumor suppression mechanism, we examined the intersection of senescent canyons and mesas with DNA differentially methylated regions (DMRs) in cancer. We found that 60% of K4me3 mesas overlap at least 50% with cancer-specific DNA hypomethylated DMRs (P < 2.2 3 10 À16 ) in human primary colon adenocarcinoma (Berman et al. 2012 ; data not shown). Comparison with colorectal cancer reveals that 76% of K4me3 mesas overlap at least 50% with large ($100 kb) DNA hypomethylated DMRs (example in Fig.  3A ; Hansen et al. 2011) . The data indicate similarities between chromatin regulation in senescent cells and cancer cells.
To further investigate this connection, we examined K4me3 mesa formation in the cancer-related senescence model of oncogene-induced senescence (OIS) (CosmeBlanco et al. 2007; Feldser and Greider 2007) . IMR90 cells harboring a tamoxifen-inducible RAS oncogene undergo rapid senescence (Young et al. 2009 ). H3 and H3K4me3 ChIP-seq was performed for control and OIS cells, leading to identification of 806 K4me3 mesas, more than observed in replicative senescence (648 mesas). There is a striking overlap of OIS mesas with the original K4me3 mesas in replicative senescence (Fig. 3B , replicative senescence mesas shown in green and OIS mesas shown in teal): Sixty percent of replicative senescence K4me3 mesas overlap with OIS mesas (Fig. 3C) , highlighting the obvious visual overlap in the tracks. Interestingly, the H3K4me3 gains in mesas in OIS seem more pronounced than in replicative senescence (Fig. 3D) , and further analysis revealed a subset that is particularly enriched for H3K4me3 (Fig. 3E , cf. green dotted line for OIS mesas and the solid green line for replicative senescence mesas).
We further examined mesa and canyon formation in primary skin fibroblasts from HGPS patients, a segmental premature aging syndrome associated with accelerated cell senescence. HGPS is most commonly associated with a lamin A splicing mutation (to generate progerin), and we reasoned that lamin A mutation might phenocopy the major chromatin changes associated with lamin B1 downregulation in senescence. We performed ChIP-qPCR on patient-derived proliferating HGPS cells across regions corresponding to the K4me3 mesas, K27me3 mesas, and K27me3 canyons of senescent IMR90 cells. Importantly, the patient-derived HGPS cell strain was progerin-positive, compared with progerin-negative IMR90 and parental control cells (Fig. 3F,G) . Moreover, the HGPS cells were proliferating and not senescent at the time of the experimentation (at passage doubling 14; both cyclin A-positive indicates that K4me3 mesas may be a shared feature of HGPS. ChIP-qPCR primers are tiled across the region of the mesas and include 39 and 59 flanking primers. ChIP-qPCR data are shown as ratios of modification to total histone H3. ChIP-qPCR data are the average of three biological replicates, and error bars represent the standard deviation from the mean. (K,L) ChIP-qPCR test for K27me3 mesa formation in HGPS suggests that these features may not be forming in proliferating HGPS. Replicative senescence qPCR mesa validation shown in K (proliferating shown in orange and senescence shown in blue). The same K4me3 mesa analysis shown in L (parent control shown in purple and HGPS shown in green) indicates that K27me3 mesas may not be a shared feature of HGPS. Note that the K27me3 signal in HGPS is generally lower than the parental control, even at flanking regions. ChIP-qPCR primers are tiled across the region of the mesas and include 39 and 59 flanking primers. ChIP-qPCR data are shown as ratios of modification to total histone H3. ChIP-qPCR data are the average of three biological replicates, and error bars represent the standard deviation from the mean. (M,N) ChIP-qPCR test for K27me3 canyon formation in HGPS suggests that these features may not be forming in proliferating HGPS. Replicative senescence qPCR canyon validation shown in M (proliferating shown in orange and senescence shown in blue). The same K4me3 canyon analysis shown in N (parent control shown in purple and HGPS shown in green) indicates that K27me3 canyons are maybe not forming in still-proliferating HGPS cells. Note that the K27me3 signal in HGPS is generally lower than the parental control, even at flanking regions. ChIP-qPCR primers are tiled across the region of the canyons and include 39 and 59 flanking primers. ChIP-qPCR data are shown as ratios of modification to total histone H3. ChIP-qPCR data are the average of three biological replicates, and error bars represent the standard deviation from the mean. and p16-negative measured by qRT-PCR) (data not shown), and the parental and HGPS lamin B1 levels were equivalent at the time cells were harvested for experiments (Fig. 3H) .
We performed ChIP-qPCR across regions corresponding to K4me3 and K27me3 mesas and to K27me3 canyons of senescent IMR90 cells. As a control, we used passagematched cells from an unaffected progerin-negative parent. We did not detect either K27me3 mesas or K27me3 canyons in HGPS across the regions tested (Fig. 3K-N) ; we note that, in general, our results show that H3K27me3 is broadly reduced in HGPS compared with the parental control, as previously observed (Shumaker et al. 2006; McCord et al. 2013) . Hence, it appears that lowered H3K27me3 in HGPS may extend across the genome prior to senescence. Interestingly, in contrast, K4me3 mesas arise in the HGPS cell line compared with parent control across two different K4me3 mesa regions (Fig. 3I ,J [IMR90 proliferating and senescent control shown in I, and HGPS and parent control shown in J]). Taken together, the data indicate that large-scale chromatin changes, particularly K4me3 mesas, may be a shared feature in prematurely aging HGPS cells and senescent cells. In particular, premature formation of H3K4me3 mesas might contribute to premature senescence of the HGPS cells.
The analysis above focused on large-scale chromatin changes that occur in senescence. Given the overlap of canyons with enhancer and gene regions, we next compared chromatin alteration with gene expression. First, we quantified H3K4me3 and H3K27me3 enrichment at the top 500 most up-regulated and down-regulated genes in senescence (Fig. 4A , gene expression fold changes between À40-fold and 20-fold as shown in the right panel). H3K4me3 is enriched at up-regulated genes and is notably depleted at down-regulated genes compared with randomly selected genes with no transcriptional change (Fig.  4A, green boxes) . H3K27me3 shows the opposite pattern, where the modification is depleted at up-regulated genes and enriched at down-regulated genes. To assess specific genes, we performed a scatter plot analysis, comparing gene expression with changes in H3K4me3 (Fig. 4B) and H3K27me3 (Fig. 4C) . We found that H3K4me3 depletion is correlated to cell cycle and other proliferation genes that are transcriptionally down-regulated in senescence (Fig. 4B , cell cycle genes marked in green diamonds, expanded in the insert; Supplemental Fig. 11A shows the gene ontology [GO] analysis for down-regulated genes that lose H3K4me3; Chicas et al. 2012) . Consistently, the OIS cells also display H3K4me3 loss at down-regulated cell cycle genes (Supplemental Fig. 11B) .
Strikingly, scatter plot analysis revealed that H3K27me3 loss is strongly correlated to a number of genes involved in the senescence response, including key SASP genes up-regulated in senescence (Fig. 4C , SASP genes marked in red diamonds, expanded in the insert; SASP and other senescence-related genes listed in Supplemental Table 3 ). GO analysis of the lower right quadrant of the H3K27me3 scatter plot (H3K27me3 loss and increased gene expression) shows significant enrichment for senescence-related categories, including senescence, anti-proliferation, and stress response ( Fig. 4D ; Supplemental Table 4 for full gene list of all GO terms and genes and statistics for H3K4me3 and H3K27me3; Supplemental Text 2 for GO and scatter plot analysis). It is important to note that, while some of the genes enriched in this quadrant also gain H3K4me3 in the senescent state, the key defining chromatin change correlated to this category of genes is the loss of H3K27me3.
As predicted by the scatter plot analysis, overlaid proliferating and senescence ChIP-seq tracks clearly show H3K4me3 loss at the promoter and transcriptional start site (TSS) of the senescence-down-regulated CCNA (cyclin A) gene and little change of H3K27me3 (Fig. 4E , proliferating tracks in orange, senescent tracks in blue, and H3K27me3 difference track in gray). Tumor necrosis factor receptor 10c (TNFRSF10c) is an up-regulated SASP gene (18-fold up-regulated) and is enriched in the scatter plot analysis for H3K27me3 loss. ChIP-seq tracks show H3K27me3 loss across the entire TNFRSF10c locus as well as H3K4me3 increase at the promoter and TSS (Fig.  4F) . Together, these analyses highlight a second type of chromatin change in senescent cells, where localized chromatin changes are correlated to the transcriptional change in senescence. Remarkably, these local changes are typically encompassed within large-scale features; namely, the K27me3 canyons.
Our observations above show large-scale chromatin changes, including mesas that overlap almost entirely with LADs as well as canyons, typically located in between LADs and associated with localized chromatin changes correlated to gene expression. In light of this and knowing that lamin B1 is down-regulated in senescent cells (Shimi et al. 2011; Freund et al. 2012) , we investigated whether down-regulation of lamin B1 is a trigger of chromatin changes in senescent cells. As previously shown, we detected a significant reduction in lamin B1 transcript and protein levels to nearly undetectable levels in senescent cells (Fig. 5A) , whereas lamins A and C do not change (data not shown). Interestingly, we also detected reduced protein levels of other lamin interaction and nuclear organizational components, including the cohesin component SA1, the boundary element CTCF, and the lamin-interacting deacetylase Lap2 (lamin-associated deacetylase) (Fig. 5B) . Importantly, the loss of lamin B1 was not due to the nonproliferative state in senescent cells, as quiescent cells achieved by serum starvation did not exhibit lamin B1 loss (Supplemental Fig. 12A ; Shimi et al. 2011) , and quiescent cells caused by contact inhibition did not exhibit canyon and mesa formation (Supplemental Fig. 12B,C) .
To assess the functional link between lamin B1 loss and senescence, expression of the lamin B1 gene LMNB1 was reduced using lentiviral expression of targeted shRNA in proliferating cells. Two different shRNAs lowered lamin B1 RNA levels >50% (Fig. 5B) , and protein levels significantly declined (Fig. 5C ). Compared with scrambled shRNA or vector controls, the LMNB1 knockdown cells exhibited rapid cessation of cell division within two passages following infection (Fig. 5D , blue and orange circles) and became senescent, exhibiting up-regulated (green) and H3K27me3 (pink) at the top 500 up-regulated and down-regulated genes in senescence shows loss of H3K4me3 at down-regulated genes and loss of H3K27me3 at up-regulated genes. Control genes (no change) are shown in gray boxes. Box plot on the right depicts the range of expression changes at the top 500 up-regulated and down-regulated genes. Enrichment is reported as a ratio of senescence/proliferating, and all ChIP-seq signal is normalized to total histone H3. (B) Scatter plot analysis of H3K4me3-mediated gene regulation in senescence; fold change H3K4me3 is shown on the Y-axis, and fold change gene expression is shown on the X-axis. Cell cycle genes are marked in green. The bottom left quadrant contains down-regulated genes that also lose H3K4me3. The boxed region in the bottom left quadrant is shown in the closeup on the right to highlight the enrichment of cell cycle genes for H3K4me3 loss. (C) Scatter plot analysis of H3K27me3-mediated gene regulation in senescence; the fold change H3K27me3 is shown on the Y-axis, and the fold change gene expression is shown on the X-axis. SASP genes are marked in red. The bottom right quadrant contains up-regulated genes that also lose H3K27me3. The boxed region in the bottom right quadrant is shown in the closeup on top to highlight the enrichment of SASP genes for H3K27me3 loss. (D) GO analysis of up-regulated genes that lose H3K27me3 shows a strong enrichment for genes that are involved in the senescence pathway, including senescence genes, anti-proliferation genes, and cell death/stress genes. Each GO category color indicates the level of significance (yellow to orange, as shown on the key in the bottom left). p16 expression (Fig. 5E ) and high SA-b-gal-positive cells (senescence marker) compared with low annexin-positive cells (apoptosis marker) (Fig. 5F ). The premature senescence phenotype was specific to the LMNB1 knockdown cells, as vector control cells showed almost normal life span (Fig. 5D , blue and pink squares) and little cell death or senescence following infection (Fig. 5E,F) . We further note that lamin B1 loss appears to occur in nearly senescent cells across a time course of cells approaching senescence (Fig. 5G) . Compared with midlife PD60 cells, lamin B1 appears to be slightly reduced at PD70 and largely reduced at PD78, which is two PDs before senescence at PD80. In contrast, the major loss of total histone associated with senescence does not appear until after lamin B1 is reduced, with slight reduction of histone H3 at PD78 and significant reduction at PD80, when the cells reach senescence (Fig. 5H) .
The rapidity of premature senescence after LMNB1 knockdown was similar to the senescence following knockdown of the H3K27me3 methylase EZH2 (Fig. 5D , green qRT-PCR measure of lamin B1 mRNA expression in knockdown compared with control. LMNB1 expression is reduced by >60% by two different shRNA constructs (shRNA 1 and shRNA 2) compared with scrambled hairpin and vector-only control infected cells. (C) Western blot analysis of total protein in LMNB1 knockdown compared with control. Total lamin B1 is significantly reduced at the protein level in two knockdowns (shRNA1 and shRNA 2) compared with scrambled hairpin and vector-only control infected cells. Lysates were normalized by total cell count with GAPDH used as a loading control. (D) Life span analysis of LMNB1 knockdown shows rapid senescence within two PDs following cell infection compared with controls. Life span is visualized by plotting PDs (Y-axis) to days of growth in culture (X-axis). Two life spans of wild-type (WT), uninfected IMR90 show senescence after 78 (red diamonds) and 81 (blue diamonds) PDs. EZH2 knockdown causes senescence after only two cell passages following infection (green and purple triangles). LMNB1 knockdown by two different shRNA constructs shows the same kinetics of rapid senescence as EZH2 (turquoise and orange circles). The rapid senescence kinetics are specific to EZH2 and LMNB1 knockdown, as empty vector-only and scrambled hairpin infections (blue and pink squares) have a nearly normal life span, although not as long as wild-type controls (red and blue diamonds). The flattening of the growth curves indicates the length of time that cells were kept in a senescent state prior to harvesting for further experimentation. (E) LMNB1 knockdown results in up-regulation of p16. qRT-PCR measure of p16 expression in LMNB1 knockdown cells compared with control shows expected senescence up-regulation of p16 following LMNB1 knockdown. Relative p16 expression is up-regulated in two knockdowns (shRNA1 and shRNA 2) compared with scrambled hairpin and vector-only control infected cells; GAPDH was used as a control. (F) LMNB1 and EZH2 knockdown causes cellular senescence, not cell death. EZH2 and LMNB1 knockdown does not cause significant cell death, as measured by annexin staining compared with empty vector control. EZH2 and LMNB1 knockdown cells undergo rapid senescence, within two PDs, as measured by SA-b-gal staining, compared with empty vector control. For both types of knockdown, stably infected cells were maintained in culture for 2-3 d to ensure growth cessation prior to experimentation. (G,H) Western blot analysis of lamin B1 expression (G) and histone H3 expression (H) in a time course of IMR90 cells approaching senescence. The PD60, PD70, and PD78 time points are all proliferating states compared with senescence at PD80. Lamin B1 levels appear to be decreasing in proliferating cells prior to achievement of senescence compared with GAPDH control (G), whereas histone H3 decrease does not appear to occur until cells are in a senescent state compared with GAPDH control (H). (I-K) ChIP-qPCR evidence for K4me3 mesa (Chr7: 61, 558, 197, 991), K27me3 mesa (Chr6: 167, 743, 126, 883), and K27me3 canyon (Chr2: 85, 956, 782, 134) formation in LMNB1 knockdown (KD; regions defined in replicative senescence). Control knockdown data are shown in orange, and LMNB1 knockdown is shown in blue. ChIP-qPCR primers are tiled across the entire region of the mesas and canyon and include 39 and 59 flanking primers. ChIP-qPCR data are shown as ratios of modification to total histone H3. ChIP-qPCR data are the average of three biological replicates, and error bars represent standard deviation from the mean. and purple triangles) as previously described (Bracken et al. 2007 ). This and the observation that lamin B1 loss appears to be occurring in nearly senescent cells prior to senescence suggested that a functional link may exist between lamin disruption and the large-scale chromatin changes that we detected in senescent cells. To address this possibility, we performed ChIP-qPCR for H3K4me3 and H3K27me3 in the proliferating cells following lamin B1 knockdown (Fig. 5I-K) . Strikingly, LMNB1 knockdown led to development of specific K4me3 mesas, K27me3 mesas, and K27me3 canyons across the genome (canyon and mesa regions were selected at random from the originally defined set and were remarkably similar to these features in senescent cells) (cf. Figs. 5I-K and 1C,D,F) . The observation of mesa and canyon formation in LMNB1 knockdown strongly suggests that disruption of nuclear lamina-mediated organization may facilitate global chromatin changes during senescence.
Discussion
Here we show profound reorganization in the human epigenome upon senescence, with acquisition of large, contiguous stretches of altered chromatin-K4me3 mesas, K27me3 mesas, and K27me3 canyons-focused in and around the location of LADs in proliferating cells (Figs.  1A, 2A) . We note that correlated K4me3 and K27me3 mesas over LADs may represent unusually large regions of ''bivalent'' chromatin (that is, marked by the presence of both active and repressive chromatin modifications) (Bernstein et al. 2006) ; whether the bivalency represents chromatin instability remains to be determined. Importantly, several lines of evidence indicate that mesa and canyon chromatin changes in senescence are closely linked to altered structure of LADs in senescence: First, lamin B1 declines to undetectable levels during senescence ( Fig. 5A ; Shimi et al. 2011; Freund et al. 2012) , and the initial lamin B1 decline is prior to reduction of histone levels (Fig. 5G,H) . Second, forced reduction of lamin B1, which leads to premature senescence, concomitantly results in mesas and canyons (Fig. 5I-K) . Third, K4me3 mesas are detected in patient-derived HGPS cells (Fig. 3I,J) , which harbor a lamin A/progerin mutation and undergo premature senescence.
HGPS is a segmental progeroid syndrome; thus, our results indirectly link formation of H3K4me3 mesas to accelerated tissue and organismal aging, perhaps due to acquisition of premature senescence chromatin changes. We also connect the senescence-associated chromatin features to alterations in cancer genomes. Specifically, mesas strongly correlate to the broad-scale, differentially DNA hypomethylated regions in colorectal cancer (Fig.  3A) . Additionally, we detected H3K4me3 mesas in OIS (Fig. 3B,C) . Together, these findings implicate the largescale changes in senescent chromatin to both cancer and aging.
The functional consequence of the large-scale alterations in the senescence epigenome is not yet known; however, several lines of evidence are consistent with the notion that these large-scale chromatin changes are effectors of senescence. First, knockdown of lamin B1 triggers formation of mesas, overlapping with LADs, and accelerated senescence (Fig. 5D,I-K) . Second, mesas form prematurely in proliferating HGPS cells (Fig. 3H-J) and thus are not simply a consequence of premature senescence in these cells. Third, localized H3K27me3 loss in canyons is strongly connected to up-regulation of key senescence and anti-proliferation genes, including the canonical SASP genes (Fig. 4C) . Many of these genes are located within and near K27me3 canyons. Moreover, K27me3 canyons are enriched for inactive and active enhancers (Fig. 2D) , strongly suggesting that canyons may contribute to the senescent state by altering gene expression via regulation of enhancer activity.
Interestingly, the K4me3 mesa and K27me3 canyon alterations that we observed are consistent with acquisition of a more open chromatin state, which supports previous findings that, in general terms, histone modifications characteristic of open chromatin tend to oppose longevity (Michishita et al. 2008; Dang et al. 2009; Kawahara et al. 2009; Greer et al. 2010 Greer et al. , 2011 . These results are in apparent contrast to the description of SAHFs in some senescent cell types (Funayama et al. 2006; Narita et al. 2006; Zhang et al. 2007 ). In a recent study, the higher-order heterochromatin organization reflected in SAHFs in oncogene-induced senescent cells was reported to be independent of regional changes in chromatin modifications (Chandra et al. 2012) ; however, since the genomic locations of SAHFs are not yet defined, the relationship between mesas, canyons, and SAHFs remains to be determined.
Our analysis provides a framework for understanding how down-regulation of lamin B1 in senescent cells initiates global chromatin changes, including reduction of histone levels, K4me3 and K27me3 mesas, and K27me3 canyons. Importantly, some of these global chromatin changes (K27me3 canyons) encompass local changes at gene enhancers that are likely to drive expression of SASP genes, key effectors of the senescence program. Indeed, lamin B1 is reduced in many normal cell types undergoing senescence, and overexpression delays senescence (Shimi et al. 2011; Freund et al. 2012) . We note that certain cell types and disease states exhibit opposite effects of lamin B1 alteration (Barascu et al. 2012; Dreesen et al. 2013) . In these diseased cells types, there may be other chromatin changes that alter the nuclear lamin organization and/or affect the cell cycle, perhaps leading to the opposite response to lamin B1 fluctuations compared with the nondiseased IMR90 model system used in our study. This is particularly interesting given our observation that proliferating but prematurely aging HGPS cells exhibit a subset of the global chromatin changes that we observed in senescent normal fibroblast cells. Moreover, we also link global chromatin changes in normal senescent cells to epigenetic alterations in cancer. In sum, we identified a lamin B1-regulated program of global chromatin reconfiguration in senescence that extends to local gene regulatory changes and to both aging and cancer.
Materials and methods

Antibodies
All antibodies used for this work are listed in Supplemental  Table 5 .
Cell culture IMR90 cells (obtained from Coriell Institute for Medical Research, Camden, NJ) were grown in standard tissue culture medium (DMEM with 10% FBS and 1% penicillin/streptomycin) at 3% oxygen. For senescence studies, cells were replicatively passaged until growth ceased. Senescent cells were maintained in dishes for 2 wk to ensure growth termination. For knockdown experiments, midlife IMR90 cells were infected with lentiviral hairpin constructs (TRC collection) designed against lamin B1 in medium containing 8 mg/mL polybrene and 5% FBS for 24 h. Cells were then maintained in standard tissue culture medium with addition of 0.5 mg/mL puromycin to select a stably infected population. For lamin B1 knockdown studies, stably infected cells were established within two PDs, soon after which replication ceased. Senescence cells were maintained in dishes for 2-3 d to ensure growth termination prior to downstream experiments. For all cells, senescence was determined by monitoring p16 up-regulation and down-regulation of cyclin genes and by SA-b-gal staining. HGPS cells (AGO3199 and AG11498) and the parent control (AGO3257) (obtained from Coriell Institute for Medical Research, Camden, NJ) were grown in Eagle's MEM with Earle's salts, nonessential amino acids, 15% FBS, and 1% penicillin/streptomycin at 3% oxygen. For the experiment with HGPS and control, both cell lines were harvested for experiments at passage 14.
Whole-cell extract preparation and Western blot analysis
Medium from cells growing in 10-cm 2 dishes was removed, and cells were washed in 13 PBS. Cells were scraped into 5 mL of 13 PBS, collected by centrifugation at 1200 rpm for 3 min at 4°C, and resuspended in 500 mL to 1 mL of standard SDS-PAGE loading buffer. Volumes were adjusted based on cell count, resulting in cell number-normalized lysate. Samples were boiled for 10 min, vortexed, and spun down to remove debris. Extracts were resolved on standard SDS-PAGE gels, transferred to nitrocellulose, and blotted for proteins of interest. All blots were blocked in 5% milk in TBST (13 TBS + 0.1% Tween). Antibodies were diluted in the same blocking solution. The antibody dilutions are listed in Supplemental Table 4 . Washes were done in TBST. Visualization of HRP-conjugated secondary antibodies was achieved by standard chemiluminescence. Images of Western blots were taken with a Fujifilm LAS-4000 imager.
RNA preparation and qRT-PCR
RNA was purified using Trizol extraction. RT was performed using the Applied Biosystems High-Capacity RNA-to-cDNA kit (4387406). cDNA was quantified by qRT-PCR using standard procedures on a 7900HT Fast-Real-Time PCR (ABI). Primer sequences are available on request.
ChIP-qPCR or ChIP-seq Cells in 10-cm 2 dishes were fixed in 1% formaldehyde for 10 min, and fixation was quenched with addition of glycine to 125 mM for an additional 5 min. Cells were harvested by scraping from plates and washed twice in 13 PBS before storage at À80°C. ChIP was performed as described in the Young laboratory protocol (Lee et al. 2006b ), except that extracts were sonicated twice for 9 min each round (30 sec of sonication with intermediate incubation of 30 sec per round) using a Bioruptor (Diagenode). All ChIPs were performed using 500 mg of extract and 2 mg of antibody per sample. Thirty microliters of Protein G Dynabeads (Invitrogen, 100.02D) was used per ChIP. Controls with IgG and no antibody controls were routinely performed, and all antibodies were tested by titration to be functioning within the linear range of the protocol. Following elution, ChIP DNA was analyzed by standard qPCR methods on a 7900HT Fast-Real-Time PCR (ABI). Primer sequences are available on request. For sequencing, 10 ng of ChIP DNA was used to make sequencing libraries using standard Illumina library single-end construction procedures. Sequencing was performed on either Illumina GAIIx (36 base pairs [bp] , single-end reads) or Hi-Seq (100 bp, paired-end or single-end reads) platforms.
Computational methods
ChIP-seq analysis and computational methods used to characterize canyons and mesas are in the Supplemental Material.
